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Germinal centers: A second childhood for lymphocytes
David Tarlinton
Recent observations show that, in the peripheral
lymphoid organs known as germinal centers,
lymphocytes appear to regain the phenotypic and
molecular traits of immature cells; this cellular
regression may play an important role in the affinity
maturation of immune responses.
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The ability of the immune system to combat myriad
different infectious agents is due to the incredible diver-
sity of the antigen receptors expressed by lymphocytes. In
mice and humans, the generation of this receptor diversity
is a consequence of the mechanism by which the genes
encoding the polypeptide chains of the B-cell and T-cell
antigen-receptors are assembled from their germ-line
component parts. This occurs during the earliest phases of
lymphocyte development, in the bone marrow for the
immunoglobulin genes of B cells and in the thymus for
T-cell receptor genes of T-cells [1,2]. The assembly
process involves the random selection of two or three gene
segments from germ-line arrays to form the gene segment
that codes for the variable (V), antigen-binding part of the
lymphocyte receptor. As the joining is random, a huge
number of combinations are possible giving enormous
potential antigen-recognition diversity; but the random-
ness has drawbacks. Some cells can fail to make a success-
ful rearrangement, and some make self-reactive antigen
receptors; the former are removed by apoptosis, and the
latter are purged by one of several mechanisms which,
collectively, constitute immunological tolerance [3]. In
this way the primary repertoire is determined.
In response to antigen, a degree of fine tuning of B-cell
antigen receptors occurs. Receptor diversification in the
periphery involves the introduction of mutations into the
immunoglobulin V region genes of antigen-specific B cells
[2]. This process occurs primarily in discrete histological
structures called germinal centers, which arise during
immune responses to T-cell-dependent antigens [4].
Somatic mutations are introduced into V region genes at
random, at least with respect to the antigen-binding
properties of the expressed immunoglobulin: a mutated
immunoglobulin may bind antigen either better or worse
than its unmutated peers, or it may loose antigen recogni-
tion altogether. Optimal functioning of this system thus
depends on the ability to select B cells with improved
affinity for antigen. This selection occurs in the germinal
center and involves the proliferation of positively-selected
B cells and apoptotic death of negatively-selected B cells.
Somatic mutation may change the reactivity of a lympho-
cyte altogether, possibly generating a self-reactive B cell.
Mechanisms may exist to prevent the development and/or
survival of self-reactive lymphocytes generated in the
germinal center during the response to antigen [5,6].
These two mechanisms for diversifying the lymphocyte
repertoire have long been regarded as quite distinct. For-
mation of the primary repertoire is dependent on the gene
rearrangement process, which is mediated by the products
of the recombinase activating genes RAG-1 and RAG-2 [7].
Given the importance of antigen-receptor formation to the
functioning of the immune system, it is not surprising that
RAG expression is tightly regulated during lymphocyte
development [8]. The genes are first expressed at the
developmental stage during which the gene segments
encoding the immunoglobulin heavy chain and T-cell
receptor b chain are rearranged (Fig. 1). If these rearrange-
ments are successful, RAG expression temporarily declines,
increasing again at the time the gene segments encoding
the immunoglobulin light chain and T-cell receptor a
chain are rearranged. Again, if these rearrangements gener-
ate productive V genes, RAG expression is turned off and
the receptor specificity is fixed. At this point, the lympho-
cyte will first reveal if its receptor is self-reactive. 
Model systems for studying self-reactivity have been
developed through the introduction into the mouse
genome of immunoglobulin and T-cell receptor trans-
genes. In some of these systems, self-reactive B cells have
been observed to up-regulate RAG expression and
undergo additional immunoglobulin gene rearrangements
in response to encountering their self-antigens in the bone
marrow (Fig. 1) [9,10]. This process is now called receptor
editing and usually occurs at the light chain locus, where
unrearranged V and J segments flanking the initial produc-
tively rearranged gene are recombined. This secondary
recombination changes the specificity of the expressed
immunoglobulin. If the new specificity is not self-reactive,
the lymphocyte is exported to the periphery where its
development can continue. In other transgenic models of
self-reactivity, however, self-reactive B cells are deleted
[11,12]. The difference in outcome, receptor editing or
deletion, is thought to be a consequence of the avidity of
the receptor for the self-antigen and the developmental
stage of the lymphocyte. Even with this exception, RAG
expression was thought to be confined to organs in which
antigen-receptor gene rearrangement occurred, namely
the bone marrow and the thymus [13].
Although recent results [14] have shown that somatic
mutation is not absolutely dependent on the germinal
center, this structure still provides the best enrichment for
cells undergoing V gene mutation. B cells within the ger-
minal center have long been known to display a pheno-
type unique among peripheral lymphocytes. What has
been emphasized in three recent papers [15–17], however,
is the striking similarity between lymphocytes in the ger-
minal center and those in the earliest stages of develop-
ment. For B cells, this similarity includes the level of
expression of cell-surface proteins, such as the heat-stable
antigen, CD24. Most striking are the observations of RAG
gene reexpression in germinal-center B cells [16,17], and
of the sensitivity of germinal-center T cells to apoptotic
stimuli that normally affect only immature thymocytes
[15]. What, then, are the possible functional ramifications
of these similarities between, on the one hand, B and T
cells undergoing an immune response in the periphery,
and, on the other, B and T cells undergoing antigen-
receptor gene rearrangement? Can we learn anything of
the function of the germinal center, for example, from
these studies?
Zheng et al. [15] showed that antigen-specific CD4 T cells
— helper T cells that express the co-receptor CD4 — are
exquisitely sensitive to agents that induce apoptosis
through the T-cell receptor, such as antibodies that bind
to the T-cell receptor complex (CD3) or a ‘superantigen’
that can bind to a wide range of T-cell receptor types.
This sensitivity is not apparent in antigen-specific T cells
located outside the germinal center. Apoptosis induced by
these treatments is not mediated through the cell-surface
receptor Fas — an important mediator of lymphocyte
apoptosis — and the sensitivity to apoptosis correlates
with low levels of expression of the anti-apoptosis gene
bcl-2 in germinal-center T cells. These characteristics are
shared by immature thymocytes. In keeping with this
immature thymocyte phenotype, Zheng et al. [15] also
found that the apoptosis-sensitive germinal-center T cells
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RAG expression during B-cell development in the bone marrow. RAG
proteins are detectable in developmental stages in which receptor
gene rearrangements occur: the pro-B/pre-BI stage for the
immunoglobulin heavy-chain gene, and the small pre-BII cell stage for
the light-chain gene; RAG expression is downregulated in the
intervening large pre-BII stage. If the rearrangements are successful
and the pre-B cell becomes an immature B cell, the cell has three
possible fates: if the immunoglobulin is not self-reactive,  RAG
expression is turned off and the cell exported from the bone marrow; if
the immunoglobulin is self-reactive, the cell is either deleted or
undergoes receptor editing, associated with increased RAG
expression, whereby further gene rearrangement occurs that can
generate a new specificity.
make a transcription factor known as Nur77, which is also
associated with T-cell receptor-mediated apoptosis in
immature thymocytes [18].
What would be the point of germinal-center T cells gaining
a heightened susceptibility to apoptosis? The answer may
well lie in the data obtained by using the polymerase chain
reaction (PCR) to study the T-cell receptor genes of iso-
lated germinal-center T cells. In a comparison of the T-cell
receptor genes in apoptosis-sensitive and apoptosis-insensi-
tive germinal-center T cells, Zheng et al. [15] found the
following. The Va/Vb combination that dominates the
immune response was less common in the sensitive than
the insensitive cells; many fewer sensitive than insensitive
T cells had the Va region expressed by the T cells that
eventually dominate the immune response; and somatic
mutations in the Va genes occurred much more frequently
in the sensitive than the insensitive T cells, although only
half the mutations caused amino acid replacements [17].
Collectively, these data show that germinal-center T cells
have an apoptosis-sensitive phenotype, and suggest that
those T cells that do undergo apoptosis in the germinal
center are being negatively selected on the basis of the
antigen-binding characteristics of their T-cell receptors. In
principle, this is exactly the developmental pathway fol-
lowed by germinal-center B cells (Fig. 2), and it raises the
interesting possibility that the germinal center is the site
of generating both B-cell and T-cell memory.
The reexpression of RAG genes in germinal-center B cells
could have several possible functional consequences. The
RAG proteins could be involved in DNA recombination
associated with immunoglobulin isotype switching, in the
somatic mutation of V genes, in maintaining immunologi-
cal tolerance in the germinal center, or they could simply
be an irrelevant by-product of another process. Of these
four possibilities, two can be discounted on the basis of
existing data. RAG proteins are not critical for
immunoglobulin isotype switching: isotype switching also
occurs in B cells that are outside the germinal center and
do not show RAG expression [17]. Furthermore, rag-2–/–
pro-B cells grown in culture can be induced to undergo
isotype switching, whereas those from scid mice cannot,
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Cell selection during an immune response. B cells specific for a
foreign antigen proliferate and differentiate either into foci of antibody-
secreting cells or into germinal centers. Within the germinal center, the
immunoglobulin V genes undergo somatic mutation, and variants are
positively or negatively selected on the basis of antigen binding; the
cycle of mutation and selection is repeated many times, generating a
high-affinity memory B-cell population. It now appears that the
response of CD4 T cells to antigen is very similar. There is rapid
increase of antigen-specific T cells outside the germinal center (in the
so-called PALS area) and a more gradual increase within the germinal
center. The CD4 T cells in the germinal center also appear to be
selected in a manner analogous to that of germinal-center B cells: T
cells that make receptors with higher affinity for antigen preferentially
survive in the germinal center, while the others undergo apoptosis. The
sensitivity of germinal center lymphocytes to apoptosis is similar to that
of immature lymphocytes, a feature which is also reflected in the
phenotypic similarities of these cells types, such as RAG expression.
Proteins whose expression levels define germinal center lymphocytes
are indicated in the yellow boxes.
indicating the importance of DNA-dependent protein
kinase and the irrelevance of RAG proteins to this process
[19]. Are the RAG proteins important for the somatic
mutation of V genes? Again, the answer would appear to
be no. Han et al. [17] state that T-cell independent anti-
gens, which elicit rag-1+ germinal-center B cells, do not
elicit V gene somatic mutation, and that immunoglobulin
transgenes on a rag-1–/– background accumulate V gene
mutations in the appropriate circumstances. 
Could RAG proteins mediate continued immunoglobulin
gene rearrangement in germinal-center B cells? As the only
known function of the RAG proteins is in antigen-receptor
gene rearrangement, this would appear to be a reasonable
possibility. There are two scenarios in which receptor
editing in germinal-center B cells could be beneficial. The
first would be to give a second chance to B cells whose
immunoglobulin has lost the ability to bind antigen as a
result of somatic mutation; receptor editing could provide
an opportunity for such a cell to regain an antigen-reactive
immunoglobulin. The second would be to alter the
specificity of any germinal-center B cell that became self-
reactive as a result of somatic mutation. This would be
equivalent to the receptor editing noted above (Fig. 1).
Although receptor editing in the periphery has not been
reported, Han et al. [17] have presented some circumstan-
tial evidence for receptor editing in human B cells.
The possibility that reexpression of RAG genes is
indicative of a developmental state, rather than having
functional significance, is also difficult to exclude. It may
be, for example, that the proliferation of germinal-center
lymphocytes is driven by factors and interactions similar
to those involved in pre-B cell expansion. In this regard,
it is worth noting the recent observation of interleukin-7
(IL-7) expression by follicular dendritic cells isolated
from the human tonsil [20]. These cells are thought to be
critical to the formation and functioning of the germinal
center, and IL-7 is a potent growth factor for pro-B/pre-
BI cells.
Another interesting aspect of the reexpression of RAG
genes in mouse germinal-center B cells is the evolutionary
symmetry this provides for antigen-receptor diversifica-
tion in various vertebrate species. Mice and humans are
thought to diversify their primary B-cell repertoire in a
manner similar to each other, but with an emphasis quite
distinct from other species, such as chickens, sheep and
rabbits. As noted above, mice and humans rely primarily
on gene rearrangement during lymphocyte development
to achieve receptor diversification and, once an antigen
receptor is formed, it is essentially fixed, except for
somatic mutation in response to antigen. Other species,
however, rely on post-rearrangement mechanisms for
extensive diversification of their otherwise restricted
primary B-cell repertoires. 
In chickens, for example, only one heavy-chain V gene
and one light-chain V gene are rearranged, producing a
very limited immunoglobulin repertoire. After rearrange-
ment, upstream V pseudogenes act as gene conversion
donors that extensively diversify the rearranged V genes, a
process that occurs in the bursa of Fabricius [21,22]. In
sheep, diversification of the immunoglobulin light chain
appears to be achieved primarily by somatic mutation of
the rearranged V gene, occurring within ileal Peyer’s
patches [23]. Rabbits appear to use a combination of gene
conversion and somatic mutation to diversify their limited
primary immunoglobulin heavy-chain and light-chain
repertoires, and this occurs in the appendix [24], where
RAG-1 and RAG-2 are expressed. Although RAG-2 is
expressed at high levels in the chicken bursa, its role in
the processes occurring within this organ is currently
unknown as RAG-2 is not required for gene conversion in
chicken B cells [25]. Similarly, there is no evidence for
gene conversion occurring in the germinal centers of mice.
It would thus appear that the B cells within the germinal
centers of mice are not only similar to an earlier develop-
mental stage in the bone marrow, but that the mouse
germinal centers themselves are quite similar to immuno-
globulin diversification structures present in evolutionary
distant species. It may therefore be that the immunoglobu-
lin gene diversification that takes place in the germinal
centers of mice and humans in response to antigen has
evolved from a more primitive system that functioned to
diversify the primary immunoglobulin repertoire.
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